Microglia are highly ramified brain phagocytes that are finely tuned to surrounding neuronal and glial activity. Combined, microglia morphology, dynamic process movement, phagocytic, and neuroinflammatory responses aid in the detection of changed neuronal function, maintenance, and restoration of neural networks during physiology and pathophysiologic conditions. An awareness of how microglia diversity in the healthy brain relates to brain region and sex differences would inform brain physiology, further delineate risk factors of central nervous system (CNS) diseases, and clarify mechanisms of dichotomous injury outcomes between men and women. Microglia morphology, complement receptor 3 (CR3), and neuroinflammatory proteins were studied in the somatosensory cortex and hippocampus CA1 among male and female (estrus, diestrus and ovarian failure) mice (C67Bl/6J, 16 weeks) to discover relationships among microglia morphology, region, sex, and neuroinflammatory environment. The human post-menopause period was modeled in mice using 4-vinylcyclohexene diepoxide injections which induced accelerated ovarian failure. Using methods to quantify ramification, shape, and complexity, we discovered differences in microglia morphologies according to brain region and sex group. Microglia endpoints, process length, and complexity were increased in the female ovarian failure group when compared to other sex groups. Microglia were smaller and less complex in the hippocampus region versus the cortex. Microglia phagocytic receptor CR3 was assessed using immunohistochemistry methods and was increased in the female diestrus cortex when compared to male and females in estrus; no sex differences were observed in the hippocampus. Neuroinflammatory protein concentrations were screened using Multiplex Luminex methods and were detected in cortex homogenates, however, no differences among the sex groups were observed. Microglia morphology and CR3 are diverse in the adult healthy Understanding sex and region specific differences in the brain's surveillance and maintenance system will provide insight into the variability of patient risk and outcomes in CNS diseases.
Introduction
The importance of sex differences in brain neuropathology is highlighted by central nervous system (CNS) diseases that have a distinguished sex-specific prevalence. These include multiple sclerosis (Ramien et al., 2016 ), Alzheimer's (Li and Singh, 2014 ), Parkinson's disease (Kowal et al., 2013) , an increased prevalence of anxiety, depressive disorders (Altemus et al., 2014) and CNS autoimmune diseases (Ngo et al., 2014) in females, as well as neurological injury with sexspecific dichotomous outcomes (i.e. ischemic stroke) (Mozaffarian et al., 2016) . Microglia are best known and vigorously studied in their roles as the brain immune cell and first responder to diseases and brain injury (Davalos et al., 2005; Morrison and Filosa, 2016; Nimmerjahn et al., 2005; Tremblay et al., 2011) . Pre-clinical animal models have shown that sex hormones have a potent effect on microglia mediated neuroplasticity (Hansberg-Pastor et al., 2015) and neuroinflammation (Hanamsagar and Bilbo, 2016; Villa et al., 2016) during development, health and disease. In the healthy brain, microglia are necessary to establish sex specific behaviors during growth and development (Lenz et al., 2013; Lenz and McCarthy, 2014; McCarthy et al., 2015) and are responsible for parenchymal surveillance and synaptic pruning (Siskova and Tremblay, 2013; Tremblay et al., 2011) . As such, sex differences in microglia actions to maintain the adult brain during health are a component of observed sex differences in microglia responses to pathology and related functional outcomes.
In the healthy brain, microglia are observed as ramified cells with small somas (Kettenmann et al., 2011) , however, with observable morphological distinctions among brain regions (Lawson et al., 1990) , which have only begun to be assessed using quantitative methods (Fernandez-Arjona et al., 2017) . A ramified cell is one that has a complicated network of processes that originate from the cell soma. The highly ramified morphology reflects the dynamic microglia activity (process extension and retraction) necessary to continuously monitor their parenchymal domains during health. In fact, microglia process extension and retraction rates are estimated to be 1.47 µm/min in the healthy brain (Nimmerjahn et al., 2005) , a rate necessary for complete brain assessment every few hours. Therefore, the historical functional categorization of ramified microglia as "resting" marginalizes their important contributions toward brain maintenance and homeostasis. Microglia are not merely responders to injury but have a significant role in neurological (Cunningham et al., 2013; Siskova and Tremblay, 2013) and behavioral development (Lenz et al., 2013) as well as maintaining neuronal networks in the adult brain (Ji et al., 2013; Wake et al., 2009 ) and working collaboratively with other glia (Domingues et al., 2016) .
A growing body of evidence suggests that the nuances of microglia function in the healthy brain are a basis for neuropathology after injury, infection, and stressors (Hristovska and Pascual, 2015; Kierdorf and Prinz, 2013 ). Microglia's surveillance function is vital to maintain the complex neural network of glia, neurons, and vasculature. A disruption in this function from non-infectious origins (i.e. chronic stress) not only detracts from this important role but may promote a more injurious microglia phenotype (Bisht et al., 2016) . Our study of microglia and biological variables (sex, cycle and ovarian function) in the healthy brain regions is a foundation to understanding sex differences in brain homeostasis, not only as an emerging field, but also as the inexorable antecedent to sex differences in neuropathology.
Because of their surveillance function, we suggest that both subtle and gross changes in microglia morphologies serve as indicators of changed parenchymal surroundings. In order to capitalize on this potential, sensitive tools to precisely quantify microglia morphology (Karperien et al., 2013; Morrison and Filosa, 2013; Morrison and Filosa, 2016) have been employed here to distinguish the effects of sex, estrus cycle, and ovarian failure on microglia morphology in healthy brain regions. We examined the constitutive presence of complement receptor 3 (CR3) to gain insight into microglia phagocytic potential. Lastly, we screened for differences in inflammatory protein concentrations in the healthy brain. For additional comparison, two brain regions were included in the study that were previously shown to have high (hippocampus) or low (cortex) constitutive expression of estrogen receptors (Merchenthaler et al., 2004; Saito et al., 2016) . In addition, both the cortex and hippocampus regions are relevant to a diversity of CNS injury models. The data presented in this manuscript provide an intricate characterization of microglia morphology, function and neuroinflammatory environment in healthy mice that varies according brain region, sex, estrus cycle, and ovarian function.
Methods

Animals and ovarian failure (OF) mouse model of post-menopause.
All animal handling and experiments were performed according to methods approved by and in compliance with the University of Arizona Institutional Animal Care and Use Committee and according to the National Institutes of Health guide for the care and use of Laboratory animals (#14-539). All animals were housed in rooms with a 12-hr light/dark schedule (7am-7pm). Male and female C57Bl6/J (15wk old) mice were purchased from Jackson Laboratories. Additional female C57Bl6/J mice were purchased at 5wk old in order to induce OF as a model of the human post-menopause period. We employed the OF protocol as previously published (Haas et al., 2007; Van Kempen et al., 2014) . Briefly, 5wk old female mice were injected for 21 days with 4-vinylcyclohexene diepoxide (VCD, 160 mg/kg/i.p./day). Follicle depletion and ovarian cessation was assessed ~65 days after first injection via vaginal lavage, and ovarian failure was confirmed by observing 15 days of persistent diestrus.
Brain tissue was then collected from all animals between ages 16wk and 18wk old between 10am and 12pm. In female mice, estrus cycle, or lacking cyclicity as in the case with female OF mice, was assessed via vaginal lavage (please see Additional Figure 1 ) and brain tissue was collected when either in diestrus, estrus or OF. All animals were sedated with 5% isofluorane delivered via a 20% oxygen/80% air mixture and systemically perfused with ice-cold phosphate buffered saline via cardiac puncture, after which brain tissue was immediately removed.
Hemispheres were separated and were used for either immunohistochemistry (IHC; fixed) or for multiplex immunoassay (fresh frozen). For fixed tissue, the hemisphere was fixed for 24h in a 4% paraformaldehyde solution followed by 72h in a 30% sucrose solution, after which the tissue was dried and stored at -80°C until sectioning into coronal sections. The remaining hemisphere was rapidly frozen and stored at -80°C until sectioning and protein extraction.
Immunohistochemistry
All IHC was completed on one hemisphere of tissue. Each hemisphere was sectioned into 50µm coronal sections (Leica cryostat) and stored at -20°C in a cryoprotectant solution (50% 50mM PBS, 30% ethylene glycol, 20% glycerol) until IHC experiments. Our IHC protocol, similar to as previously published (Morrison and Filosa, 2013; Morrison and Filosa, 2016) , results in double staining of microglia with anti-iba1 and CR3 (anti-CD18 and anti-CD11b). Free floating brain sections were first blocked in 10% horse serum solution (0.01M PBS, 0.05% Triton, and 0.04% NaN3) for 1h followed by a 72h incubation with primary antibodies as appropriate: rabbit antiiba1 at 1:1000 (Wako, 019-19741) , rat anti-ITAM/CD11b at 1:100 (ThermoFisher, RM2800) and rat anti-Integrin beta-2/CD18 at 1:100 (Millipore, MABT42). A 4-h incubation of 1:250 secondary primaries (Jackson ImmunoResearch Laboratories) followed: donkey anti-rabbit Alexa 488 (711-546-152); donkey anti-rat Alexa 594, (712-585-150) . All tissue was incubated in solutions common to all groups to avoid group/batch differences. All reactions were carried forward at room temperature; washes between incubations were done with 0.01M PBS for 15min. Slices were then mounted onto slides using Vectashield (Vector Laboratories, H-1000).
We incubated sections with secondary antibodies only to assess unspecific binding and detected none (Additional Figure 2) .
Photomicrograph Acquisition and Analysis
Two regions were assessed for basal microglia morphology and presence of CR3 following IHC-the somatosensory cortex cortical layers II-IV and the hippocampus CA1 region (as depicted in Figure 1A and 1B). These regions were selected based on their relevance to injury models involving the somatosensory cortex (ischemic stroke and traumatic brain injury) as well as models used to study memory impairment (hippocampus CA1 region). In addition, both regions express estrogen receptors to a different extent (Merchenthaler et al., 2004; Saito et al., 2016) . One photomicrograph was acquired in each region. Imaging was accomplished using either a Leica SP5-II confocal microscope for morphology analysis [30-µm Z-stack at 2-µm intervals, 40X/1.25Na PL-Apo oil objective, and a 387.5µm x 386.8µm imaged area (2696 pixels x 2691 pixels)] or a Zeiss 880 NLO for microglia CR3 assessment [30-µm Z-stack at 1-µm intervals, 40X/1.3Na C PL-Apo oil objective, and a 212.6 µm x 212.6µm imaged area (1200 pixels x 1200 pixels)]. Photomicrographs were stacked and split using ImageJ plugins (National Institute of Health, https://imagej.nih.gov/ij/) in order to obtain maximum intensity projections of all channels. Photomicrographs, separated as channels, were saved as TIFF files prior to analysis and examples are shown in Figure 1A and Figure 1B . Microglia morphology and the location of CR3 was determined in male, diestrus female, estrus female and ovarian failure female mice using ImageJ plugins and detailed below.
Microglia Morphology
The extent of microglia ramified morphology was quantified using an objective and computeraided skeleton analysis method as previously published in detail (Morrison and Filosa, 2013; Morrison and Filosa, 2016) . Briefly, a series of ImageJ plugins (adjust brightness, unsharp mask, and despeckle) were consistently applied in order to ensure adequate process visualization before the conversion to binary and skeletonized images. The skeletonized representations of original photomicrographs were used for data collection. The AnalyzeSkeleton (2D/3D) plugin (developed and maintained by Arganda-Carreras et al. (Arganda-Carreras et al., 2010) ) was used to tag elements of microglia skeletons as processes (orange slab voxels) and endpoints (blue) for data collection. We summarized the number of endpoints and process length from AnalyzeSkeleton (2D/3D) plugin data output and all data were divided by cell soma counts (Young and Morrison, 2018) .
Fractal analysis
We measured microglia complexity of individual cells in addition to cell ramification which was determined from entire photomicrograph fields. The plugin FracLac for ImageJ (Karperien, 1999 (Karperien, -2013 was used to determine fractal dimension (complexity), lacunarity (heterogeneity), density (size) and span ratio (elongation) of microglia cells (Karperien et al., 2013; Karperien and Jelinek, 2015) . Using a grid and random number generator, three microglia were randomly chosen from each photomicrograph that was also used for Skeleton Analysis. Individual microglia were first made binary through a similar process as described above. Additional structures that abut and surround each cell were manually excluded from the analysis using a Wacom tablet. Binary cells were then converted to outlines using ImageJ. Exemplars of this workflow process in each group are provided in Figure 2A and 2B. Fractal dimension (DB) quantifies the level of detail of each cell's outline using a box counting protocol that determines change in pixel detail as magnification increases. For 2D cell outlines, fractal dimension values range from 1 to 2, where 1 is considered to be a simple circle. Lacunarity is a measure of the heterogeneity or variability of complex morphologies. To determine lacunarity, fractal dimension is assessed after the cell has been rotated multiple times (4) and the coefficient of variation (CV) is calculated. CV will be low for homogenously shaped cells and high for heterogeneously shaped cells. These calculations and relationships are best summarized in the reference guide provided for FracLac for Image J (https://imagej.nih.gov/ij/plugins/fraclac/FLHelp/BoxCounting.htm) and additional associated references (Karperien, 1999 (Karperien, -2013 Karperien and Jelinek, 2015) . Cell morphology data were averaged for each parameter to obtain a representative value for each animal (animal n is reported in figure) .
Complement receptor 3 (CD18 and CD11b) analysis
Complement receptor 3 (CD18/CD11b) mean fluorescence intensity was determined from photomicrographs using Image J software and methods that have been previously published (Morrison and Filosa, 2013; Morrison and Filosa, 2016) . Using consistent thresholding settings, positive staining for CD18 and CD11b were determined for all photomicrographs. Positive staining was determined on the basis of secondary only staining (Additional Figure 2 ) and microglia iba-1 counterstain. Mean fluorescence intensity values were recorded and normalized by the number of cells in each image.
Multiplex Luminex Immunoassay
Cortex was sectioned from frozen mouse hemispheres (n = 8-11 per group; see figure for exact sample sizes), homogenized in ice-cold lysis buffer buffer containing 20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L PMSF, 0.05% Tween® 20, and a cocktail of protease inhibitors and 1% of each: protease inhibitor cocktail (Sigma-Aldrich, Saint Louis, MO #P8340), 1 mmol/L PMSF (Sigma-Aldrich, P7626), and 200mM Na3VO4 (SigmaAldrich, S6508). Tissue homogenate was centrifuged following a 2-h digestion at 4°C and the supernatant was collected to determine protein concentration using the Bradford method; bovine serum albumin was used as the standard. Tissue lysate (0.75 mg/ml for all samples) was screened for the presence of 18 specific chemokines, cytokines, and growth factors and quantified by the Luminex Magpix (Austin, TX) using the high sensitivity immunoassay purchased from Millipore Table 1 lists all analytes screened for along with additional pertinent information (detectable range, quality control and response to positive control).
Statistical Analysis
All data are presented as mean ± standard error of mean (SEM). Sex and region differences were determined using a two-way ANOVA test with Sidak's post-hoc testing. Differences in concentrations of neuroinflammatory proteins were determined by a Kruskal-Wallis test with Dunn's multiple comparison where appropriate. All reported p values have been adjusted for multiple comparisons. GraphPad Prism 6 was used for statistical analyses. SigmaPlot was used to generate the 3D scatterplot. The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable requests
Results
Microglia ramification is different by region and sex in the healthy brain.
Our first aim was to examine sex and ovarian function differences in microglia ramified morphologies among healthy adult mice in the cortex and the hippocampus. Photomicrographs of microglia in the cortex and hippocampus at 40X magnification are shown in Figure 1A and 1B, respectively. Cropped photomicrographs are included to better illustrate the microglia morphology detail that was analyzed using the skeleton analysis method (Young and Morrison, 2018) . The number of cell somas in each photomicrograph field was quantified in order to normalize subsequent skeleton analysis data. We determined that there were differences in cell counts/field according to sex group and region (two-way ANOVA region: F(1,90) = 45.92, p < 0.0001; sex: F(3,90) = 8.78, p < 0.0001; interaction: F(3,90) = 1.66, p = 0.18). In the cortex, soma/field were significantly less in FOF mice when compared to all other groups while in the hippocampus, cell soma/field were increased in the female estrus group when compared to the male and FOF group ( Figure 1C) . Next, we quantified the differences in microglia ramified morphology in the cortex and hippocampus according to sex, cycle and ovarian failure using two variables: microglia process length and number of endpoints per cell (Figure 1D and 1E) .
Microglia process length/cell was different by sex and region (two-way ANOVA: region: F(1,90) = 8.82, p = 0.003; sex: F(3,90) = 28.02, p < 0.0001; interaction: F(3,90) = 3.62, p = 0.02). In the cortex, microglia process length/cell was greatest in the females with ovarian failure while in the hippocampus process length/cell was greatest in male and FOF groups when compared with females in estrus or diestrus ( Figure 1D) . Similarly, the number of process endpoints/cell was different by sex and region (two-way ANOVA: region: F(1,90) = 206.1, p < 0.0001; sex: F(3,90) = 10.30, p < 0.0001; interaction: F(3,90) = 3.76, p = 0.01). In contrast to process length/cell data, sex differences in endponts/cell were present in the cortex but not hippocampus ( Figure 1E ).
Although all microglia in the healthy cortex and hippocampus are ramified, our data show subtle morphologic differences according to region and sex.
Microglia shape, size and span are different by region or sex in the health brain.
We next examined cell complexity using fractal analysis made possible by FracLac for Image J (Karperien, 1999 (Karperien, -2013 . Fractal dimension, a FracLac data output, summarizes the complexity of a shape and is therefore well suited to detect subtle changes in microglia shapes that are in addition to cell ramification. Moreover, fractal analysis is carried out on individual microglia rather than the entire photomicrograph. An example of the data collection process, from image to individual microglia shape in the cortex and hippocampus data are shown in Figure 2A and 2B.
Fractal dimension is calculated as a change pixel in detail as scale changes (please refer to the ImageJ manual (Karperien, 1999 (Karperien, -2013 for a more comprehensive definition and equation); Fractal dimension ranges from 1-2 for shape outlines. In this data set (cortex and hippocampus) fractal dimension ranged from 1.399 to 1.63 with the lowest value occurring in the cortex diestrus female group and highest in the hippocampus FOF group. Fractal dimension was different by region and sex (two-way ANOVA: region: F(1,90) = 231.4, p < 0.0001; sex: F(3,90) = 17.63, p < 0.0001; interaction: F(3,90) = 4.01, p = 0.01). In the cortex, fractal dimension (cell complexity) was the highest in the FOF group while in the hippocampus, fractal dimension was high in both male and FOF groups ( Figure 2C ).
Lacunarity is a measure of cell heterogeneity. Lacunarity values are reported as a coefficient of variation (CV) and represent the variability of fractal dimension values returned as the same cell is rotated four times. If a cell has a low lacunarity then the CV value is low and therefore, the heterogeneity of the cell's shape is considered low, covering a proscribed space in a homogeneous manner. Cortex lacunarity was lower than hippocampus lacunarity (two-way ANOVA: region: F(1,90) = 171.4, p < 0.0001; sex: F(3,90) = 1.77, p = 0.16; interaction: F(3,90) = 4.16, p = 0.008; Figure 2D ).
Density is a measure of cell size and is calculated using the polygon that circumscribes the microglia shape: number of pixels of the shape outline ÷ polygon area (refer to ref 34 for detailed calculation information). Cell size was different between the hippocampus and cortex and without sex differences within each region (two-way ANOVA: region: F(1,90) = 31.87, p < 0.0001; sex: F(3,90) = 2.56, p = 0.06; interaction: F(3,90) = 0.11, p = 0.96; Figure 2E ).
Lastly, span ratio summarizes microglia elongation and is calculated as a ratio of cell length and width. In this data set, span ratio was not different according to either region or sex (two-way Constitutive presence of microglia CR3 in the healthy brain among male and female mice.
The CR3 receptor is formed by integrin alpha and beta subunits CD11b and CD18. The constitutive presence of CR3 on microglia was assessed to determine sex differences in complement related physiology such as phagocytosis. Example photomicrographs of CR3 immunohistochemistry in each group and region are shown in Figures 4A and 4B with a single cropped cell to illustrate co-localization of CR3 to microglia (iba1). Figure 4C summarizes the means ± SEM and statistical analysis of microglia soma number in groups and regions. We determined that there were differences in cell counts/field according to sex group and region To complement microglia anatomy and physiology in the healthy brain, we screened for the presence of detectable neuroinflammatory proteins in the cortex among male and female (diestrus, estrus and OF) mice using a Multiplex Luminex assay. Figure 5A we illustrate the brain region sampled for this screening. Additional Table 1 lists all analytes assessed, the detectable ranges for the commercial assay, the quality controls used to validate assay accuracy, and the response to a positive control. The following analytes were not reported due an inability to detect analyte within given assay range for each sample (GM-CSF, INFγ, IL5, IL6, IL7, IL10, IL12, IL17a, MCP1, and TNFα). Analytes IL4, IL13, and IL17α failed to respond to the positive control and were excluded from analysis. The mean ± SEM and statistical analysis of the remaining 6 out of 18 analytes are reported in Figure 5B : IL1α, IL1β, IL2, LIX, KC/IL8 and MIP2. Although a sample size of 10 was used for data collection, low bead counts limited data analysis in some samples reducing sample size further and the actual sample sizes are shown in Figure 5B . A non-parametric Kruskal-Wallis was used to test for differences among groups for all analytes. IL1α: H = 3.92, 3df, p = 0.27; IL1β: H = 7.55, 3df, p = 0.05; IL2: H = 5.9, 3df, p = 0.12; LIX: H = 2.01, 3df, p = 0.57; KC/IL8: H = 3.75, 3df, p = 0.29; MIP2: H = 4.39, 3df, p = 0.22. In summary, IL1β was the only analyte screened to demonstrate a small difference among groups with the lowest concentration present in female estrus cortex versus female diestrus (p = 0.06).
Discussion
Microglia are constitutively active in the healthy brain in their functions to surveil the parenchyma, maintain glial and neuronal homeostasis, and to detect and ameliorate brain pathology. They accomplish these functions via constant communication with neurons and glia (Bianchi et al., 2010; Fontainhas et al., 2011; Gyoneva et al., 2009; Orr et al., 2009; Saijo and Glass, 2011) . Changes in neuronal and glial functions are immediately reflected by a change in microglia morphology observed as increased or decreased cell ramification, changed process polarity, and increased process movement (Davalos et al., 2005; Fontainhas et al., 2011; Nimmerjahn et al., 2005) . Microglia morphologic transformations into polarized or amoeboid cells are well documented after robust brain injury (Morrison and Filosa, 2013; Ziebell et al., 2012) . However, the more subtle differences in microglia morphology and the neuroinflammatory milieu in the healthy brain according to brain region and sex have not been well studied. On this basis, our purpose was to investigate the differences in microglia morphology and CR3 in the healthy cortex and hippocampus among male and female mice. In addition, we investigated sex differences in neuroinflammatory protein concentrations in the healthy cortex. We found that, as expected, all cells were highly ramified in the healthy brain.
Yet, we report that the morphometrics of these cells are distinctly different according to region and, for some measures, according to sex and ovarian function. In addition, the constitutive presence of CR3 on microglia was consistently increased in the female diestrus cortex when compared to the other sex groups while no sex differences were detected in the hippocampus.
Lastly, of the six inflammatory proteins with detectable concentrations in the cortex, there were no discernable differences among groups.
Progesterone, 17β-estradiol, and testosterone are biologically active sex hormones that are reported to have corresponding receptors on brain cells (Mitterling et al., 2010) . Sex hormones are lipid soluble; therefore, ligand/receptor interactions result in rapid effects via signaling cascades and long-term effects via transcriptional changes. The female estrus cycle has four phases that occur in a particular order (estrus, metaestrus, diestrus, and proestrus). The relative serum sex hormone concentrations (Nilsson et al., 2015) and sex hormone receptors fluctuate according to cycle phase (Mitterling et al., 2010) and vary between brain locations (Kato et al., 2013; Saito et al., 2016) . The cessation of ovarian function, cyclic release of sex hormones, and termination of menses are among the elements that define the post-menopause phase of life for women. To model this phenomenon in mice, we employed the accelerated ovarian failure model (Haas et al., 2007) in which the occupational chemical VCD specificity targets primordial and primary follicles via inhibited autophosphorylation of c-kit (Mark-Kappeler et al., 2011) to accelerate follicular atresia (Lee et al., 2017) . This process occurs without detectable systemic pathology (Frye et al., 2012; Wright et al., 2008) and is summarized nicely by recent reviews (see (Brooks, Pollow, & Hoyer, 2016) and (Van Kempen, Milner, & Waters, 2011) . In contrast to the ovariectomized mice, the accelerated ovarian model includes a "perimenopause" period in which ovarian hormone production and cyclicity is variable and declining. In mice, this period may last between 17 and 90 days and is therefore shorter (as a percentage of lifespan) when compared to humans (Brooks et al., 2016) . However, a benefit of the accelerated ovarian failure model is that the "perimenopause" and ovarian failure status is inducible in young mice, therefore excluding the confounding variable of age (Brooks et al., 2016) . As has been previously demonstrated, the three week VCD treatment protocol (160 mg/kg/i.p./day), employed in this study, did not elicit a neuroimmune response when compared to a positive control, either immediately following treatment or at a later time point (Van Kempen et al., 2014) .
Microglia are capable of a broad range of ramified morphologies in the healthy brain (Lawson et al., 1990) and are highly responsive to neuronal activity via purines (Davalos et al., 2005; Koizumi et al., 2013; Nimmerjahn et al., 2005) , neurotransmitters (Fontainhas et al., 2011) , and chemokines (Saijo and Glass, 2011) . In fact, microglia "reach out" to survey neuronal synapses once per hour, a frequency that depends on neuronal activity (Wake et al., 2009 ). Microglia ramified morphologies and dynamic process movement are modified by transient or sustained changes in endogenous inotropic glutamatergic transmission (Fontainhas et al., 2011) . Estrogens are known to rapidly modulate neuronal activity in the cortex and hippocampus. In the cortex, estrogen potentiates excitatory synapses via increased sensitivity to glutamate through multiple mechanisms which include altered cellular responsiveness to inotropic glutamate receptor activation, opioid, dopamine, and GABA receptors (reviewed here (Kelly and Ronnekleiv, 2009; Malyala et al., 2005; Sellers et al., 2015) ) as well as more long term effects by regulation of the brain transcriptome (Duclot and Kabbaj, 2015) . Studied extensively in the hippocampus, estradiol increases sensitivity to glutamate or related receptors in both males and females, albeit by differing mechanisms (Oberlander and Woolley, 2016) . Although much less studied, the presence of progesterone is correlated with increased neuronal spine density (Kato et al., 2013; Sanchez et al., 2013) . On this basis, we suggest that differing microglia morphologies may be indicators of subtle differences in neuronal activity, influenced by an ebb-and-flow of sex hormone concentrations.
Our findings are suggestive of distinct morphologic differences between brain regions in the cortex and hippocampus. Regarding sex differences, a majority of morphologic differences exist between males and cycling females (regardless of cycle phase) or cycling females and OF females with few differences observed between diestrus and estrus females. A few scenarios could explain the similarity between estrus and diestrus females. First, it is possible that microglia morphology is similar among estrus cycle phases in the cycling female mouse due to the short duration with some phases lasting less than 24hours. Whether microglia morphology would differ according to cycle phase in humans, whom have a longer estrus cycle and longer phases, remains to be investigated. Second, animals were stratified into either diestrus and estrus female groups following vaginal lavage to determine cyclicity rather than according to a tissue or plasma sex hormone profile. Vaginal lavage assessment of cyclicity may not appropriately approximate systemic or parenchymal sex hormone concentrations and therefore the diestrus and estrus females groups in this study may have similar sex hormone profiles. Third, it is unclear if microglia morphology is predominantly influenced by parenchymal versus systemic sex hormone concentrations. Studied previously in the hippocampus, tissue and plasma concentrations did vary with cycle phase. However, hippocampus concentrations of estrogen was reported to be 2-60 times greater than plasma concentrations (Kato et al., 2013) . These data illuminate the importance of sex steroid concentrations in the tissue as well as the more often considered, systemic concentrations. Interestingly, while absent in male plasma, estradiol in the hippocampus was recorded as 2 fold greater than that of proestrus females (female groups reported to have the highest estradiol concentrations) and ~8 fold greater than ovariectomized rats (females with the lowest estradiol concentration) (Kato et al., 2013) . Unfortunately, information of tissue sex steroid concentrations in specific brain regions other than the hippocampus is limited.
We used fractal analysis as an additional tool to assess microglia morphologies. Fractal analysis has been widely used as a morphometric analysis tool (Barreto et al., 2014; Fernandez-Arjona et al., 2017; Karperien et al., 2013; Karperien and Jelinek, 2015; Namjoshi et al., 2014; Orlowski et al., 2003; Soltys et al., 2001; Soltys et al., 2005) and added as a plugin to ImageJ for convenient use (Karperien, 1999 (Karperien, -2013 . In contrast with the skeleton analysis, fractal analysis is carried out on single cell and is therefore complementary to skeleton analysis. Although microglia processes are highly dynamic, the analysis of static morphologies summarizes the propensity of cells to have discernable characteristics according to distinct anatomical and physiologic differences within specific brain regions and diverse conditions. In addition to fractal dimension (complexity), we report on the lacunarity, density, and span ratio of microglia shapes according to sex, cycle, and ovarian failure. Cells with higher lacunarity have a more heterogeneous shape and greater variability in how gaps are distributed within a shape (Barreto et al., 2014; Karperien and Jelinek, 2015) . In our study, microglia shapes in the hippocampus had a higher lacunarity than microglia in the cortex, illustrating differences in how these cells occupy space for surveillance and homeostasis functions. We reveal a subtle clustering between region and sex by plotting skeleton data (process length/cell), complexity (fractal dimension), and cell size (density). In general, microglia in the hippocampus were smaller, but more ramified and complex in their morphology when compared to the cortex. Within each region, microglia in the female OF were the most ramified, complex, and occupying the largest area. We suggest that the observed increase in cell ramification in OF cortex is a morphologic response, or compensation, to decreased cell counts and serves a purpose to leave no brain parenchyma "un-touched" by their assessing processes. On the other hand, the increased cell complexity and ramification is likely independent of neuroinflammatory proteins (i.e. cytokines and chemokines) as these concentrations were similar among sex groups. It is possible that this change in morphology may contribute to an ineffective response to CNS challenge, accounting for worse outcomes following neuronal perturbation. Such a possibility needs further investigation and we demonstrate that it is possible to quantify microglia morphology during health or pathologic challenges that are both subtle (i.e. stress) and unsubtle (i.e. injury).
In addition to microglia morphology, we examined the presence of CR3, the first convergence of the classical and lectin pathways and initiation point of the alternative pathway. The CR3 ligands that are important to brain physiology/pathophysiology include lipopolysaccharide [LPS, (Wright and Jong, 1986) ], C3b/iC3b (Beller et al., 1982) , fibrinogen (Wright et al., 1988) , and high mobility group box protein 1 (HMGB-1). CR3-ligand interactions initiate cell chemotaxis or phagocytosis, and complement-mediated phagocytosis is a key component of brain development and adult physiology (Schafer et al., 2013) . In the adult healthy brain, synaptic pruning is proposed via C3b-opsoinized synapses (Stevens et al., 2007; Tremblay et al., 2011) as neuronal and synaptic activity changes-a phenomenon that may disproportionally occur according to sex and estrus cycle (Crain and Watters, 2010) . We observed that CR3 (CD11b/CD18) IHC resulted in consistently greater area of staining in the cortex of female diestrus mice. Increased CR3 correspond with less ramified or complex cells also observed in female diestrus mice. Unfortunately, our attempts to verify IHC data with western blot methods were unsuccessful likely because CD18 and CD11b is a complex-specific epitope. In addition, our attempts to investigate a diversity of phagocytic markers in the healthy brain (i.e. CD68, CD36, LAMP1 and RAB1) were also unsuccessful perhaps due to the absence of a pathologic condition. We speculate that the observed differences in microglia CR3 are the result of fluctuating sex hormone concentrations present in the parenchyma. Either the high CR3 is reflective of the female diestrus hormone milieu or remnant from the previous cycle phase (estrus). Interestingly, that microglia CR3 is different between cycling female mice (estrus versus diestrus) but remains consistently low in female OF and male mice indicates a plasticity in cortical microglia function or potential function that is lost in males and female OF mice. This difference may have a role in sex and ovarian function-related changes in microglia surveillance and homeostasis functions. In the hippocampus, microglia CR3 was relatively consistent among groups when compared to the diversity observed in the cortex. This finding is likely a reflection of different neuronal functions, sex hormone concentrations, or sex hormone receptors between the two regions. These possibilities warrant additional investigations to more fully understand brain physiology.
Neuroinflammatory proteins (cytokines and chemokines) are hypothesized to have an influential role in determining microglia phagocytosis phenotypes that can contribute to either continued health or chronic disease (Amantea, 2016; Sokolowski and Mandell, 2011) . We observed that inflammatory proteins are present and detectable in the healthy cortex, however, the concentration of these proteins were similar among sex groups in adult mice. Similarly, a previous investigation determined that mRNA levels of VEGF, arginase, and IL10 measured from primary microglia collected from 4 month old male mice were similar between males and females (Crain et al., 2013) . Based on these data, we surmise that neuroinflammatory protein concentrations have a minimal influence on observed differences in microglia morphology and CR3 in the cortex. Although high sensitivity assays were used as a screening tool in this study, it is possible that current technologies have limited sensitivity to assess and detect small differences that may have a physiologic influence on microglia.
In conclusion, there are a number of neurodegenerative diseases with sex specific prevalence, and addressing and abating an individual's risk prior to the onset of illness is one of the hallmarks of preventative medicine. Investigating sex differences in the healthy brain is an important step towards more comprehensive healthcare, and understanding the brain's own surveillance and maintenance system may provide significant insight into the variability of patient outcomes in CNS diseases. We show differences in microglia morphology and CR3 receptor according to brain region and sex, estrus cycle and ovarian function. That concentrations of neuroinflammatory proteins screened in this study were similar among the sexes, rule out associations between microglia morphology and inflammatory milieu in the healthy cortex. Whether our observations of morphologic differences are an indicator of sexbased differences in neuronal activities or a sex-specific physical attribute of microglia function have yet to be fully appreciated and are therefore worthy of further study.
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